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Thesis Summary

This thesis presents two related investigations, the first is a systematic radio survey
in search of strong (Ss7 > 0.34 Jy) gravitational lenses in a complete sample of
flat-spectrum radio sources, the second is a detailed study of the known, southern
gravitational lens/Einstein ring radio source PKS 1830—211.

The motivation for these investigations was the discovery in 1991 that
PKS 1830—211 is a strong gravitational lens. Because of its intensity, very de-
tailed and sensitive observations can be made, and some of them form the second
part of this thesis. The discovery of such a strong gravitational lens immediately
raises the question of whether there are other strong lenses to be found.

Gravitational lenses provide a powerful astrophysical tool for measuring the
properties of our universe. To date the majority of the known gravitational lenses
have been found in the northern sky due to the concentration of surveys in that
hemisphere. This thesis describes a search of the southern part of the sky for
strong gravitational lenses and involved a study of a complete sample of the 461
strongest southern flat-spectrum radio sources in the Parkes Catalogue.

Flat-spectrum sources were chosen because they typically possess a single high
brightness temperature nucleus of milliarcsecond size. Such sources, if lensed, will
show multiply imaged nuclei with separations that are large compared to their
sizes. All objects in the sample were observed with the Australia Telescope Com-
pact Array (ATCA) by making at least six short observations (or “cuts”) at 4.8
and 8.6 GHz, separated by approximately two hours. In this way, all objects were
imaged over ~8 days of telescope time, the dual wavelength observations allowing
spectral index information to be determined for any structural components of the
sources. Data simulations showed that the survey was capable of resolving any
compact double source with component separations and flux densities greater than
1.5 arcsec and 6 mJy respectively.

The data were edited and calibrated within AIPS and imaged using Difmap.
All correlated visibilities were examined and those that revealed signs of structure
were imaged to search for signs of gravitational lensing. The only previously
known lens in the sample, PKS 1830—211, was successfully re-discovered and
the survey was demonstrated to be sensitive to extended ring-like structure by
the detection of the planetary nebula PKS 1350—662. Two new gravitational lens
candidates were found within the sensitivity of the survey, they are PKS 0252—549
and PKS 2321—-375. As a check that no lens candidates had been overlooked and
in order to obtain statistical information on the survey, a data processing script
was written for Difmap to image the entire survey dataset. The data analysis
revealed that over 60% of the sources contained at least 95% of their total flux
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density in an unresolved core. All survey sources were classified (many for the
first time) according to their structural and spectral characteristics, the point
source component of this catalogue being especially useful in establishing a grid
of potential reference sources for future ATCA calibration observations.

Many of the sources in the sample had catalogued radio positions with large
errors (up to 30 arcsec). The ATCA survey provided positions with accuracy
better than 1 arcsec for all objects with compact structure and allowed optical
identifications to be made from the COSMOS/UKST Southern Sky Catalogue.
This observational database is a significant contribution to the completion of radio
identifications in the Parkes 1/2 Jy Complete Sample (Drinkwater et al., 1996).

The second part of this thesis describes a detailed study of the properties of
PKS 1830—211, the only known southern radio lens. This source is the strongest by
almost an order of magnitude (Rao and Subrahmanyan, 1988; Jauncey et al., 1991)
and lies in a crowded and heavily obscured field close to the Galactic Centre. So far
all efforts to identify optical or infra-red counterparts either for the lensing galaxy
or the lensed source have been unsuccessful (Djorgovski et al., 1992; Jauncey et al.,
1993). In particular, the failure of optical measurements to furnish any redshifts
has driven the search for these critical parameters into the radio spectrum. This
thesis describes the detection of a new absorption feature towards the lens, due to
Hr at a redshift of 0.19. This discovery, together with that of a second absorption
system at z = 0.89 (Wiklind and Combes, 1996a) indicates that PKS 1830—211
may be a compound gravitational lens.

Total flux density measurements of PKS 1830—211 have been made with the
University of Tasmania’s 26 m radiotelescope at 2.3 and 8.4 GHz since 1990. These
observations have revealed dramatic variations in flux density on timescales of
months. More recently, the ATCA has been used to monitor the total flux density
at four wavelengths as well as the flux densities of the two individual compact
components at 8.6 GHz. Large flux density variations in the two components were
detected and analysed, leading to new constraints on the lensing time delay and
the relative magnification ratio of the two compact components.
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Chapter 1

Introduction

Measurements of the properties of gravitational lenses have the power to tell us
what sort of universe we live in. The close study of an individual lens can provide
an estimate of the Hubble constant, Hy whilst the statistical properties of the grav-
itational lens population provides valuable information on the amount of matter
in the universe and has implications for the existence of a cosmological constant.
Therefore finding gravitational lenses has a great potential return.

Strong gravitational lenses in particular are of great importance as they allow
a detailed investigation of properties that are difficult to measure in weaker lenses.
PKS 1830—211 is the strongest known radio gravitational lens, being ~ 10 Jy at
2.3 GHz. PKS 1830—211 is suitable for VLLBI investigations of its compact struc-
ture, single-dish monitoring of its total flux density and monitoring of the flux
densities of its two compact cores, with VLBI and connected element arrays, to
measure a lensing time delay. These observations would be more difficult in a
weaker gravitational lens, requiring longer integrations to achieve the same sensit-
ivity. PKS 1830—211 is obscured by our Galaxy at optical wavelengths and so far
a redshift measurement by conventional (optical) means has proved impossible.
However, because it is strong, it provides the opportunity to search for weak mo-
lecular absorption that might be undetectable in fainter sources.

If one assumes that the number of gravitational lenses increases as their flux
densities decrease in a similar manner to all extragalactic radio sources then given
the presence of one ~ 10 Jy gravitational lens it is not unreasonable to expect
others stronger than 1 Jy. This thesis describes a survey of strong southern hemi-
sphere flat-spectrum radio sources to search for new, strong gravitational lenses,
and includes a study of the known strong gravitational lens PKS 1830—211.

1.1 Previous Gravitational Lens Surveys

At the time that work on this survey started the results from two major surveys
were published and at least one other survey was underway. The first was a VLA
imaging survey from the MIT/Greenbank (MG) catalogue (Burke, 1989) and the
second was an HST snapshot survey of high luminosity quasars (Maoz et al.,
1992). The third survey was a radio imaging survey of a large number of flat-
spectrum sources (Patnaik et al., 1992). The survey of Burke et al. made VLA
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images of a large number of objects in the MG 4.8 GHz survey with a flux density
greater than 100 mJy. The sources covered a range of declinations between —0.5°
and 19.5° with [b] > 10°. No spectral index selection criteria were applied to
the survey sources and this meant that the sample contained a large number of
steep-spectrum objects which often have extended radio structure.

The MG VLA imaging survey discovered at least four and possibly eight ex-
amples of gravitational lensing from the 1786 sources imaged (Burke, 1989). From
this statistic, the author predicted a lensing frequency of one in every 100 to 200
quasars, after accounting for the expected number of undetected gravitational
lenses. In an analysis of the results from the MG VLA survey, Kochanek (1993a)
estimated that 50% of gravitational lenses contained in the sample were not de-
tected, thus verifying the lensing frequency predicted by Burke.

The HST survey was of a sample of all quasars in the catalogue of Véron-
Cetty and Véron (1987) with z > 1, [b| > 10° and absolute magnitude brighter
than My, = —25.5. The sample was not complete as the catalogue from which
it was drawn is a collection of quasars drawn from many surveys with different
selection criteria. Also, quasars with bright, nearby foreground stars or in other
HST programs were excluded from the Maoz et al. survey. There were 354 quasars
in the sample and each one was observed to search for evidence of multiply imaged
point sources. Maoz et al. (1992) had found 3 lenses in the 184 quasars observed
at that stage and so predicted a lensing frequency of approximately one in 60
bright quasars.

The primary aim of the survey of Patnaik et al. (1992) was to search for com-
pact radio sources suitable for phase calibration of the MERLIN array. Approx-
imately 900 flat-spectrum sources were selected with flux densities greater than
200 mJy at 5 GHz, declinations in the range +35° to +75° and galactic latitudes
greater than 2.5°. The sources were imaged with the VLA in snapshot mode at
8.4 GHz and the vast majority were found to be point-like with over 85% of sources
possessing at least 80% of their total flux density in a compact component.

When observations were being planned for the present thesis, 14 sources from
the VLA survey of Patnaik et al., later known as the Jodrell Bank-VLA Astromet-
ric Survey (JVAS), were identified to possess multiple compact nuclei and were
thus potential gravitational lenses, although only 0218+357 had been confirmed
as a gravitational lens.

The JVAS gravitational lens survey has since been concluded for a complete
sample of approximately 2200 flat-spectrum northern hemisphere sources with
S5 aHz = 200 mJy. Four confirmed and two probable lensing systems were found
in the survey, all but one possessing component separations of at least 1.0 arc-
sec. Of particular note is that the survey detected an equal number of three and
five-image systems which is surprising given the greater predicted likelihood of a
three-image system. A newer survey still in progress is the Cosmic Lens All Sky
Survey, or CLASS (Myers et al., 1995) which has similar spectral index selection
criteria and observing strategy to JVAS but aims to survey ~ 10* flat-spectrum
radio sources. Preliminary results indicate at least two lens candidates in ~ 3000
sources.
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Shortly after this gravitational lens search had started, the HST snapshot sur-
vey was completed (Maoz et al., 1993) for all sources in the original sample as well
as an additional 163 high luminosity quasars. The total number of objects success-
fully observed was 498. After including previously known gravitational lenses that
satisfied the sample criteria but were not observed, the lensing frequency was 4 to
6 out of 502 quasars, the uncertainty due to two candidates that were unconfirmed.
In an analysis of these results, Kochanek (1993a) concluded that all gravitational
lenses in the sample for the HST survey were detected within statistical errors.
Therefore, the HST snapshot survey predicts a lensing frequency of one in every
80 to 130 quasars.

1.2 A Southern Hemisphere Survey

In planning the observations for the present thesis, a sample size was chosen based
on two considerations. First, the observing constraints for a southern hemisphere
radio gravitational lens survey and second, the observational evidence available at
the time from surveys with comparable properties:

Observing Constraints. Unlike VLA snapshot observations which provide struc
tural information in two dimensions from a single snapshot, ATCA observa-
tions require several snapshots over a wide range of hour angles. This sig-
nificantly increases the observing time needed for each source in the sample
and so reduces the number of objects that can be observed over a reasonable
period of time. As will be described later, a sample was chosen that could
be fully observed within 8 days at the ATCA.

The ATCA allows for observations to be made simultaneously at two wave-
lengths. Therefore, gravitational lens candidates may be selected based on
spectral properties as well as morphology. This is a significant advantage
over previous VLA gravitational lens surveys.

Observational Evidence. The only large scale radio gravitational lens survey
at the time was from the MG survey (Burke, 1989) which had comparable
flux density limits to those chosen for the present survey and had estimated
a lensing frequency of 0.5 to 1% of quasars. The completed HST survey was
also used to provide an estimate of the frequency of gravitational lensing as it
was sensitive to lensed point sources only, the kind of source that dominates
a flat-spectrum radio sample. The results from the two completed surveys
suggested that a radio survey of ~ 500 southern hemisphere quasars might
contain 2 to 8 candidate gravitational lenses.

A recent summary of the advantages of radio over optically selected gravita-
tional lens surveys has been presented by Kochanek (1996). Optically, gravita-
tional lens images may suffer extinction if their light passes through the dust of the
lensing galaxy. Therefore using optically selected quasars for a gravitational lens
search may actively de-select lenses. Radio selected samples on the other hand do
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not suffer this problem as dust does not markedly affect the transmission of radio
waves.

Because the main aim of the present survey was to detect gravitational lenses,
the sample was selected to maximise the chance of unambiguous lens detection.
Therefore, starting selection criteria were required that would produce a sample
dominated by extragalactic sources. Over 80% of flat-spectrum radio sources are
identified with quasars on the basis of accurate radio-optical position coincidence
(see for example Jauncey et al., 1982 ). The presence of a flat spectrum in an ex-
tragalactic radio source is usually indicative of synchrotron self-absorption. These
sources typically possess a single high brightness temperature nucleus. Such a
source, if lensed, will show multiply imaged nuclei with a separation that is large
compared to their milliarcsecond sizes. Therefore any source in this sample with
2 or more flat-spectrum components must immediately be considered as a gravit-
ational lens candidate. Most flat spectrum sources also have a coincident optical
counterpart which is important for confirmation of lensing and permitting redshifts
to be measured.

A radio selected sample that is not restricted to flat-spectrum sources only,
will include a large number of objects dominated by extended, steep-spectrum
components. The probability of such an object being lensed by a foreground mass
is significantly greater than that for a point source simply because of the larger
lensing cross-section for an extended source. It might therefore be considered
worthwhile to broaden the sample to include steep-spectrum sources and thus
increase the likelihood of a new lens detection, i.e. a survey similar to that of
Burke et al. (1989). The main problem with such a strategy comes in identifying
the object as a lens. For example if the background object is a core-jet source and
the lensing mass lies in front of, or perpendicular to the jet, and a significantly
large distance from the core, the resulting image will appear with a “broken” or
“tangentially stretched” jet (Kochanek, 1993b). Such scenarios, whilst much more
likely than a lensed core, produce an image that looks not too different from that
found in many un-lensed sources. Furthermore, because extended radio emission
is rarely seen at optical wavelengths, it is difficult to confirm optically if the source
is lensed unless the core itself is multiply imaged. A survey that includes steep-
spectrum sources is therefore not likely to be complete (the MG VLA survey is only
50% according to Kochanek (1993a)) and the lens detection efficiency is poorly
defined. Understanding the detection efficiency of a survey is very important for
cosmological studies based on gravitational lensing statistics.

When this survey was started, the most complete catalogue of southern radio
sources from which a sample could be drawn was the Parkes 2.7 GHz Catalogue
which also has the advantage of being available in a computer readable format.
This catalogue, collated over 20 years, contains sources that were in the original
Parkes survey (Bolton et al., 1979 and references therein) which claims 95% com-
pleteness to a flux density level of 0.25 Jy at the epoch of observation except for
the region | b |< 10°. The sources in the catalogue also have 5.0 GHz flux densit-
ies, measured with the same instrument allowing construction of a flat-spectrum
sample.
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The 2.7 and 5 GHz measurements were not made at the same epoch. As a
consequence of this time difference, a flat spectrum sample of Parkes sources made
using spectral indices calculated from the 2.7 and 5.0 GHz flux densities is not
statistically complete at a single epoch. Sources that might be selected while
quiescent may not be selected if the 2.7 GHz flux density was unusually high
and/or the 5.0 GHz flux density was unusually low at the epoch of observation or
vice versa. Therefore it is likely that a small number of steep spectrum sources
will be selected and one might expect a similar small number of flat spectrum
sources not to be selected.

For the present gravitational lens survey, the sources were not selected based on
optical identifications for two reasons. First, many objects in the Parkes 2.7 GHz
Catalogue (Bolton et al., 1979) have large uncertainties in their radio positions
and so optical identifications are far from complete at present. Second, it is known
that a small number of the optical identifications within the catalogue are erro-
neous and, although the number is small (probably less than a few percent are
incorrectly identified), it is similar in magnitude or greater than the abundance of
gravitational lenses amongst extragalactic radio sources.

No galactic latitude cut-off was imposed in the selection criteria for the present
survey. This has the advantage of not excluding any gravitational lens systems
that may be obscured optically by our galaxy. However, if a low galactic latitude
source is identified as a gravitational lens candidate in the sample it may be
difficult to confirm based on redshift measurements, although it should be noted
that PKS 1830—211 is a confirmed gravitational lens with a low galactic latitude
and no known optical counterpart. Therefore, the survey is only complete for
| b|> 10°.

An additional aim of the present gravitational lens survey was to provide accur-
ate radio positions, and then optical identifications based on radio-optical position
coincidence alone. This in turn will give (when redshifts are completed) a much
better luminosity function for flat-spectrum radio sources found at 2.7 GHz (see,
for example Drinkwater et al., 1996).

The Flat Spectrum Sample

The sample was selected from the Parkes Catalogue (Bolton et al., 1979) computer
database (Wright and Otrupcek, 1990) using the following criteria:

1. 2.7 to 5.0 GHz spectral index > —0.5 (S o< v%).
2. B1950 declination south of —20 degrees.

3. 2.7 GHz flux density > 0.34Jy.

This yielded a sample of 461 radio sources for the gravitational lens survey, a
number that was observable with the Australia Telescope Compact Array (ATCA)
in a reasonable time. These criteria are are discussed in more detail in the following
chapter.



CHAPTER 1. INTRODUCTION 6

1.3 Outline of the Thesis

This project has involved the collection, processing and analysis of single dish,
connected element interferometry and very long baseline interferometry data. The
following chapters describe aspects of this work and present the results. A brief
outline of the thesis is given below.

Chapter 2. Simulated ATCA observations are described. They were carried out
to understand the gravitational lens detection efficiency of the survey. Atten-
tion is given to sources with multiple compact components to determine the
minimum detectable flux density and component separation as well as the
maximum detectable component separation. The sensitivity of the survey
to extended structure is also discussed.

Chapter 3. The ATCA observations are described and the data processing and
analysis techniques outlined with particular reference to identifying gravit-
ational lens candidates from the data. Candidates arising from the survey
are presented and discussed.

Chapter 4. Results and discoveries arising from the survey that are not directly
related to gravitational lensing are presented. An automatic process used to
image all of the sources is described as well as the procedure used for identi-
fying optical counterparts. Source flux densities, spectral indices, ratios of
point to total flux density, radio morphology classifications, radio positions
and optical identifications are all tabulated. Images of sources of particular
interest are shown.

Chapter 5. This chapter and the two that follow it present a detailed investiga-
tion into the Einstein ring/gravitational lens PKS 1830—211. Following an
introduction, the radio structure of PKS 1830—211 is described with spe-
cial reference to the unusual milliarcsecond-scale morphology of this source.
Attempts to model the lensing system are described.

Chapter 6. Radio spectral-line observations that revealed an H1 absorption sys-
tem toward PKS 1830—211 at z = 0.19 are described. The implications of
this discovery are discussed.

Chapter 7. Total flux density monitoring observations of PKS 1830—211 at sev-
eral frequencies are presented and analysed. The ATCA has been used
to monitor the flux densities of the two lensed compact components of
PKS 1830—211 at 8.6 GHz to determine a relative component magnifica-
tion ratio and a time delay. The results of a correlation analysis of the two
light curves are presented and discussed.

Chapter 8. The investigations presented in this thesis and their results are sum-
marised and briefly discussed.



Chapter 2

Understanding the Survey

2.1 Planning the Observations

It was necessary to image all of the sources in the sample to determine if they
were lensing candidates. The ATCA was chosen for this task as it is the only
imaging radio telescope available for sources south of § ~ —45°. It provides
an arcsecond resolution imaging capability at 8.6 GHz which is similar to that
available from existing ground-based optical observations. The ATCA also allows
for simultaneous observations at 4.8 and 8.6 GHz so the resulting images provide
spectral index information essential in identifying the flat-spectrum components.

The ATCA is an east-west linear array, so its u-v coverage becomes one-
dimensional for equatorial sources. It was for this reason that the equatorial zone
was avoided and a northern declination limit of —20° imposed. The flux density
limit was chosen to keep the sample to a manageable size based on observing time
constraints for this thesis, whilst maintaining a reasonable probability of detecting
any new gravitational lenses.

A complete 12 hour synthesis of each source at the compact array would require
230 days of observing time which is impractical. All of the sources in the sample
are bright enough not to require long integrations to achieve a detection, so total
integrations of the order of one minute are sufficient for detection (a one minute
observation with the ATCA at 4.8 or 8.6 GHz yields a (theoretical) flux density
sensitivity of ~0.7 mJy rms). In order to determine structure, several observations
are required at different hour angles — the so-called “cuts mode” of observing. To
quantify the sensitivity of this observing mode to arcsecond scale structure, it is
necessary to understand the response of the ATCA to such structure when the u-v
plane is under-sampled.

2.2 Simulations

The response of the ATCA to arcsecond-scale structure was examined by carrying
out simulated observations of various source structures. The first aim was to
determine the minimum number of cuts needed and, once that had been decided,
to establish the sensitivity and resolution limits of the survey.



CHAPTER 2. UNDERSTANDING THE SURVEY 8

All of the simulated ATCA data described hereafter were created using the
Caltech VLBI Software package (Pearson, 1991). The program Fake was used
to simulate data from a typical ATCA configuration (6C) with baselines of up
to 6 km in length. Expected antenna system temperatures and efficiencies were
used to create the simulated data, thus providing the expected amplitude noise
levels. Zero phase noise was applied in each case thus simulating the excellent
phase calibration that is typically achieved during observations. All simulations
were carried out at 8.6 GHz.

Sampling of the u-v Plane

Shown in Figure 2.1 is the response of the ATCA to a one arcsecond compact
double source where both components have a flux density of 1.0 Jy. Only the vis-
ibility amplitudes on the longest baseline are shown and they reveal the expected
response of an interferometer that has clearly resolved the two components (e.g.
Fomalont and Wright, 1974). The amplitudes are seen to “beat” at a rate of once
every ~ 4.7 hr and therefore the minimum sampling rate for such an object is one
observation every ~ 2.4 hr (i.e. the Nyquist rate). A minimum sampling rate of
one observation, or cut, every 2 hr was chosen for the survey so that slightly larger
separation components would not be under-sampled on the longest baseline. This
also introduces a degree of redundancy in the event of the loss of data or data
quality due to problems encountered during the observations such as wind stows,
external radio interference or poor atmospheric conditions.

Amplitude (Jy)

05

oz2" 04" 08" 08" 10" 12" 14"
UT on day 1

Figure 2.1: Simulated response of a 6 km ATCA baseline to a compact double source.

2.2.1 Survey Limitations

An important part of any survey of this type is to define its limitations so that the
sensitivity of the survey to various source component separations and flux densities
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can be stated. This information is important in determining the proportion of
gravitational lenses amongst flat-spectrum radio sources. While this survey is
primarily aimed at detecting multiple compact flat spectrum nuclei, its sensitivity
to ring- and arc-like structure should also be considered. Therefore, the survey
characteristics and limitations that must be determined are:

e The ability of the ATCA cuts survey to resolve two or more compact com-
ponents with various flux density ratios, separations, position angles and
declinations.

e The ability of the ATCA cuts survey to detect extended structure, such as
Einstein rings, with the limited u-v coverage provided by cuts observations.

Compact Component Separation

The resolving power of an east-west linear interferometer array such as the ATCA
is affected by the declination of the source and is determined by the degree of
rotation of the array with respect to the source during the time the source is
above the horizon. Any source at 6 = 0° will not be seen to rotate with respect
to the array, resulting in no spatial information in the north-south direction. For
sources further south from the celestial equator this effect becomes less apparent
and the synthesised beam of the array becomes more circular.

Consider first the ability of the ATCA to resolve compact components, as-
suming that they are strong compared to the noise. The ability of the ATCA to
resolve these components then depends on their separation (D), declination (9)
and position angle (), which is defined as the angle subtended by weakest of the
two components with respect to the strongest measured north through east. D,, is
defined as the minimum separation for the two compact components to be unam-
biguously resolved and depends on 6 and 6. It is helpful to divide the separation
parameter into three groups:

e Group 1: If D > D, then any source will be resolved no matter what its
declination or the component position angles. i.e. D; = max(D,,).

e Group 2: If D < D, then it is not possible to resolve the components no
matter what the position angle or declination. i.e. Dy = min(D,,).

e Group 3: If D, < D < D; then the ability of the ATCA to resolve the
components depends on both position angle and declination.

The situation defined as Group 3 is discussed first as this leads to a definition
of Dy and D,. Only position angles in the range 0 to 90° are discussed due to the
symmetry of a simple two point source scenario. If the position angle is at 90°
then D,, is independent of declination because the ATCA beam FWHM remains
constant in the east-west direction as declination changes. For position angles
closer to 0° a higher dependence on declination results.

It is necessary to determine when a two-component source is resolved. This
was done by generating simulated 8.6 GHz ATCA observations of compact double
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sources with a range of separations, position angles and declinations. The com-
ponents were each given a flux density of 1.0 Jy, well within the sensitivity limits of
the ATCA, thus rendering negligible any effects due to noise. The response of the
survey to binary sources with weaker and unequal flux densities will be discussed
later in this chapter. Initially, source models were used with a constant position
angle of 0° and only separation and declination values were changed. This posi-
tion angle was chosen because the ATCA beam changes most in the north-south
direction so the array sensitivity is best examined in this direction as declination
changes.

For each simulated dataset, the Caltech VLBI Software package program Mod-
elfit was used to fit three different source models; a point, a line and a double
point source. In each case, the model parameters were allowed to vary until
convergence was achieved between the “observed” and model visibilities and the
resulting “agreement factor”! noted. A point source model was classified as inad-
equate once a significant difference between the agreement factors for that model
and the line model was observed. Similarly, the line model was determined to be
no longer sufficient once a significant difference between its agreement factor and
that for a double point source model was detected. The point source model only
provided an acceptable fit for small component separations (S 100 mas) and for
near-equatorial declinations (2, — 40°). The agreement factor difference between
the line and double point models remained small no matter what the declination
for separations <300 mas but became significantly different at a separation of
500 mas for declinations south of ~ —40°. More datasets were simulated for the
regions where the agreement factors determined for the linear and double point
source models began to differ so that the relationship between the declination and
the component separation at which this divergence occurred could be established.

The component separation, D,,, at which one can distinguish between an ex-
tended source (modelled by a line) and two distinct sources (modelled by a double
point source) is directly related to the resolution of the array. In the case of these
simulated data the array resolution is proportional to the FWHM of the synthesised
beam which, in the north-south direction is A/(dsind) at wavelength A where d
is the length of the longest baseline. Figure 2.2 shows the values determined for
D,, from the simulations plotted against FWHM. As expected, there is a linear
relationship between these values with a slope of 245 mas arcsec™!.

This information can be used to determine the expected efficiency of detecting
compact doubles of a given separation for the entire survey. The expected de-
tection efficiency is then a function of declination and component position angle.
For a source with position angle # and declination ¢, the ability of the ATCA
to resolve this source depends on the projected FWHM of the synthesised beam,
Bhproj, which is elliptical and given by:

Boroi (6.6) = 3[1 ~ cosf(1 — sin26)]"V/? (2.1)

!Modelfit defines the “agreement factor”, AF, as the square root of the reduced x? of the fit
between the source model and the data, i.e. AF = \/x?/v where v is the number of degrees of
freedom. For a good fit, AF approaches unity.
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Figure 2.2: Determined values for D,, based on simulations of double point sources with
position angle 0° and varying separations and declinations. The horizontal axis is the synthesised
beam FWHM. The line of best fit is also shown.

Analysis of the simulated data shows that a double point source is uniquely
identifiable when the projected FWHM of the beam, By = (1/245mas arcsec ') D,y,.
These values, when applied to Equation 2.1 provide the minimum position angle,
7, for a unique double source detection at a given §. Therefore, the fraction of
all resolvable double sources may be written as

90 —6;

F(6, D) = —- (2.2)

Integrating this function over all declinations in the survey for a given com-
ponent separation thus provides an indication of the efficiency of detecting such a
source in the survey. A similar estimate for a large component separation, Dyax
(where all sources are guaranteed to be resolvable), provides the total number of
sources in this simulated survey and this allows for an estimate for the percentage
of sources detectable as doubles at a given separation, P(D), for the entire survey:

" F(8,D) cos§ dd
o) (8, Dmax) cos § do

P(D) = x 100 (2.3)

A scale factor of cos d was applied because the number of sources decreases by this
factor as |0| increases for a uniform density of sources in the sky.

Figure 2.3 shows P (D) for the simulated 8.6 GHz observations as well as P(D)
at 4.8 GHz, derived by re-scaling the 8.6 GHz simulations (since antenna resolu-
tion is proportional to wavelength). Table 2.1 presents the same results and also
provides values for D; and D, at both wavelengths.

A strong, 2.0 Jy, radio source was considered in the above simulations. However
the majority of the survey sources are weaker than this and so it is important to
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Figure 2.3: Estimated ATCA detection efficiency for compact double sources at 8.6 GHz (solid

line) and 4.8 GHz (dashed line).

Table 2.1: Estimated ATCA detection efficiency for compact double sources for various values

of P(D).

P(D) (%) Dgg gHg (arcsec) Dyg guy (arcsec)
0 P(Dy) 0.25 0.50

40 0.30 0.56

80 0.41 0.76

90 0.49 0.91

99 0.71 1.30

100 P(Dy) 0.82 1.50
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determine if the efficiency of the survey is in anyway changed for fainter sources.
This was done by simulating a portion of data identical to that used above except
with much weaker flux densities and then carrying out the model fitting procedure
to determine D,,. A 0.1 Jy source was simulated consisting of two compact com-
ponents of equal flux density with position angle 0° at a declination of —40°. The
value determined for D,, in this case was entirely consistent with the value ob-
tained for a 2.0 Jy source. This suggests that the compact component separation
limitations are applicable over the entire flux density range of the survey.

Spectral Index

An important parameter that must be determined when classifying an object as
a gravitational lens candidate is the spectral index of each image sub-component.
Such a measurement is not possible unless the sub-component in question is re-
solved by the ATCA at both frequencies. Therefore the limiting resolution for a
compact double gravitational lens candidate identification is defined by the angu-
lar resolution at 4.8 GHz, rather than at 8.6 GHz.

Compact Component Flux Densities

Similar simulations to those described above were made for a source with two
compact components, one with a flux density of 1.0 Jy and the other with a
weaker flux density at a position angle of 0°. The response of the ATCA to such
a source with various declinations and component separations was investigated to
determine the minimum flux density the secondary component could possess and
still be reliably detected.

The results from these simulations for fifteen combinations of component sep-
aration and declination are given in Table 2.2. For each simulated dataset, the
Difmap imaging software (Shepherd, 1994) was used to fit a point source to the
brightest point in the dirty map. Once this had been done, the residual map (i.e.
the dirty map with the 1 Jy point source removed) was examined for evidence of
the weaker secondary. The secondary was considered detected when it appeared
brighter than the noise in the residual map. Once again, this table shows that the
sensitivity of the survey is dependant on source declination. For large component
separations (~2 arcsec or greater) the minimum detectable flux density is 2.6 to
5.8 mJy, but as separations decrease, the ATCA no longer clearly separates the
components and the flux density detection limit increases. It is also apparent that
this increased detection limit remains significant for larger separations as declina-
tions become more equatorial. This behaviour is consistent with that seen above
for equal compact doubles.

Further simulations at § = —25° were made to estimate the separation at
which the minimum detectable secondary flux began to increase. The separation
was found to be 1.5 arcsec. It is important to note that the selection process that
lead to Table 2.2 assumed some a prior: knowledge about the source structure so
the minimum detectable flux estimates shown here are possibly optimistic. The
off-source noise in a typical clean map was 0.85 mJy per beam rms. In order then
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Table 2.2: Minimum detectable flux density in mJy for a weak compact core near a 1.0 Jy
compact core, position angle is 0°.

Separation |  Declination (degrees)

(arcsec) —25 —50 =75
0.5 51 15 11

1.0 13 6.0 5.0

2.0 5.8 4.0 3.6

4.0 3.6 4.4 5.8

8.0 5.2 3.8 2.6

for a compact component of unknown position to be unambiguously detected, a
minimum flux density of 6 mJy, or 70, was imposed.

Low Declination, North-south Compact Doubles

The most difficult type of compact double to detect in this survey is one that lies
close to all the detection limits. Such a source would possess a small component
separation (~ 1 arcsec), a weak secondary component flux density (~ 10 mJy),
a relative component position angle near 0° and a declination close to —20°. For
this case, there may be only one or two cuts, near source rise and set, that clearly
resolves the two components so a successful detection relies on, at most, two one-
minute observations. If these vital cuts are not made close enough to source rise
or set, or if the data is of poor quality (as can be the case at low elevations) then
it is possible that the survey detection limits will be worse for such a source.

Sources of this type were indeed detected in the sample and they are described
in Chapter 3, Section 3.4.3.

Multiple Compact Components

The simulations described above have investigated the response of the survey to
compact double sources only. However the results can be used to draw some
conclusions regarding the effectiveness of the survey in detecting three (or more)
compact components, as might be expected in close-alignment gravitational lenses.
Clearly, if at least two components are separated from the others by more than
D,, then it will be possible to measure the spectral indices of those components
and the object will be classified as a candidate gravitational lens. Furthermore,
an object may also be considered as a candidate in the case where all components
are too closely spaced to be unambiguously resolved but the source is nevertheless
extended and flat-spectrum.

Extended Structure

The simulations described above have determined survey limitations for isolated
compact structures only. It is likely that in many cases, sources with compact
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structure will also possess a certain amount of extended, steep spectrum structure.
If this extended structure is close to a compact component then it may appear to
be part of that component or add confusion to the image. This is likely to raise
the minimum detectable flux density limit.

Considered here is the response of the ATCA to an Einstein ring. A simulated
dataset was created using a model consisting of a circular 0.35 Jy ring of diameter
5 arcsec, well within the sensitivity limits of the survey. This hypothetical source
has been placed at a declination of —45° and four 8.6 GHz datasets created: the
first represents a continuous 12 hr synthesis whilst the other three simulate the
effect of sampling the u-v plane for one minute every 2, 3 and 4 hr respectively.

(arcsec,

Relative Declination

(arcse

Relative Declination

Figure 2.4: Images from simulated observations of a 5 arcsec ring. The top left panel shows
a map made from a full synthesis, the top right, lower left and lower right panels show maps
made from cuts observations where the u-v plane has been sampled once every 2, 3 and 4 hr
respectively. In all cases, the contours are -1, 1, 2, 4, 8, 16, 32 and 64% of the peak flux density
which is 29 mJy. The restoring beam is circular with a FWHM of 1.0 arcsec.

Figure 2.4 shows the images produced from these datasets. The top left hand
panel shows the image from a complete synthesis and clearly demonstrates the
ability of the ATCA to faithfully reproduce the source structure. The top right
hand panel in this figure shows a map made from the simulated cuts data with
one cut every two hours, the chosen sample rate for the survey. Once again, a
ring is clearly detected with no significant structural differences to the complete
synthesis image that might be expected from a sparse sampling of the u-v plane.
The main difference between the two maps is the poorer signal to noise ratio in
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the two hour cuts map, which is expected from a much shorter total integration
time (7 min compared with ~700 min).

The lower left and lower right panels clearly demonstrate the effects of ob-
serving this type of structure at larger sample intervals. By increasing the sample
rate to one every three hours the ring structure appears to break up and one can
begin to see the effects of individual cuts. When the sample interval is increased
to four hours, a lot of the structural information is lost and the image becomes
difficult to recognise as a ring. Furthermore, such under-sampling would make
spectral-index measurements less reliable.

Coincidental Associations

The number of radio sources in the sky increases sharply as flux density decreases.
The relationship is approximately N(S)ds oc S~ where « is between 2.0 and 2.5
(Wall, 1994). Therefore, as the flux density cutoff of a survey decreases, the radio
source surface-density count increases and the chance of finding two nearby but
unrelated sources also increases. It is important to understand the implications
of this to gravitational lens surveys which are searching for nearby but related
sources.

The density of radio sources at 5 GHz with flux densities stronger than 6 mJy
(the minimum detectable component flux density in this survey for well separated
compact sources) is 4 x 10* sterad™" (Wall, 1994). The area of sky within r rad
of a radio source is 772 for small 7. Therefore the predicted number of sources in
this sample of 461 with an unrelated source stronger than 6 mJy within r rad of
it is

N =461 x (4 x 10*) x (77?) (2.4)
Except for cluster lenses, all known gravitational lenses have component separa-
tions of less than 10 arcsec (Keeton and Kochanek, 1996). The predicted number
of sources in this sample with an unrelated source within 10 arcsec of it is 0.1.
Moreover, the proportion of flat-spectrum sources in the radio source population
is less than ~ 0.35 (Wall and Peacock, 1985) and decreases with flux density.
Therefore the predicted number of unrelated flat-spectrum sources with separa-
tions of less than 10 arcsec in the sample is less than 0.035 so it can be stated with
confidence that any gravitational lens candidates found in the survey are likely to
be real and not chance associations.

An estimate is now made on the upper limit on the separation of multiply
imaged components that can be detected in the present survey. This is done by
considering the chance of detecting an unrelated flat-spectrum source in the field
of only one of the sources in the sample at the 50 level. The number of chance
coincidences in the survey would then be N = 50 = 1, therefore 0 = 0.2. Applying
equation 2.4 gives a component separation of 12 arcsec for all sources regardless
of spectral index and 20 arcsec for flat-spectrum sources if they constitute 35%
of the extragalactic radio source population. Therefore, based on coincidental
association arguments and within other limitations stated in this chapter, the
survey is complete for all gravitationally lensed flat-spectrum sources with image
separations of less than 20 arcsec.
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Maximum Detectable Compact Component Separations

The ATCA observations were made at the widest possible bandwidth, 128 MHz, to
provide maximum sensitivity. All the channels in the band were averaged together
to reduce the size of the dataset and speed the processing stage. This means that
a single (u, v) coordinate and a single frequency is assigned to each visibility, res-
ulting in a loss in information (as u and v change across the band). This averaging
results in a radial smearing of the source brightness distribution which worsens
with source distance from the phase centre - an effect knows as “Bandwidth Smear-
ing” (Walsh and McKay, 1996). This smearing will reduce the peak amplitude of
a source as well as elongating its morphology. This means that secondary compact
objects, especially weak ones on the limits of detectability, may not be detected if
they are well removed from the phase centre. Another consequence of bandwidth
smearing is that the two observing frequencies are affected differently: as distance
from the phase centre increases, the measured peak amplitude decreases more rap-
idly at 8.6 GHz than at 4.8 GHz. This means that spectral index measurements
become less accurate as separation increases. A maximum source separation was
chosen so that the measured peak flux density in a component was at least 90%
of its true flux density. This corresponds to a maximum separation of 50 arcsec
at 4.8 GHz and 45 arcsec at 8.6 GHz.

Although flat-spectrum components can be detected for all fields out to 45 arc-
sec, they can only be confidently assumed to be lensed images of the same back-
ground source if their separation is less than 20 arcsec. This argument is based
on the previous discussion on coincidental associations.

Compact Component Flux Density Ratio Limits

An important quantity to understand in any lensing survey is the range of compact
component flux density ratios to which it is sensitive. This is estimated by assum-
ing a simple compact double source in which the components are well separated
(i.e. separation is greater than 1.5 arcsec) and there is no extended structure. The
flux densities of the two components are defined to be S; and S, where S; > S5,
the flux density ratio is R = S;/S; and the total flux density of the source is
St =51+ S5, Now R will be at a maximum when S, is the smallest detectable
flux density, i.e. Rmax = S1/(6 mJy). The largest flux density ratio for which all
compact doubles are detectable in the survey is therefore defined as the minimum
value of Rpax and it occurs when St is at a minimum.

The minimum value of S may be estimated from the lower flux density limit
of the survey. A general expression for Rpyax when Sy is at a minimum, given a
sample of radio sources with a lower flux density limit of Sy Jy at vp, GHz is

n(Sr) = Sn 52 (%) = Snin
Rmax - — gmin - - ( S)min

where v, is the ATCA observing frequency in GHz, « is spectral index and Sy,
is the minimum detectable flux density at v,. For the present survey, S;, = 0.34 Jy
at v, = 2.7 GHz, Spin = 6 x 1073 Jy (as derived previously). A flat-spectrum
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source with @ = —0.5 is considered as it defines the lower limit for min(Sr)
as objects with flatter spectra will have larger flux densities. Applying these
assumptions to the above equation provides Rmax = 43 at v, = 4.8 GHz and
Rmax = 32 at v, = 8.6 GHz. In the case of a gravitational lens where the
background source is an isolated compact core, R is expected to be the same at
both frequencies and so it must be measurable at both frequencies. Therefore the
survey is complete for flux density ratios in the range 1 to 32 for flat-spectrum
compact double sources within the other sensitivity limits of the survey.

2.2.2 Conclusions

The simulations have shown the sensitivity of the ATCA survey to compact struc-
ture and to extended structure that might be expected in a gravitationally lensed
radio source. In particular, the survey is capable of resolving and determining
spectral indices of all compact doubles with separations greater than 1.5 arcsec and
less than 45 arcsec and with individual flux densities greater than 6 mJy. The
survey is complete for flux density ratios of less than ~ 30 for these sources but
only for compact flat-spectrum components with separations of less than 20 arcsec.
The flux density limit may be greater in the presence of broad, weak, extended
structure. Moreover, the survey is sensitive to compact structure at 8.6 GHz for
all compact sources with separations greater than 0.82 arcsec. Therefore sources
with compact components between 0.82 and 1.5 arcsec in separation may be iden-
tified as marginal gravitational lens candidates. The simulations have also shown
the survey to be capable of reliably detecting large Einstein ring-like morphology
provided a sample rate of one cut every two hours is achieved. Arguments based
on radio source population statistics have shown that the probability of a chance
coincidence of two unrelated sources (that might be interpreted as a gravitational
lens) is suitably low.



Chapter 3

Gravitational Lens Candidates
from the ATCA Imaging Survey

3.1 ATCA Observations and Imaging

The ATCA observations were made at 4.80 and 8.64 GHz (A = 6 and 3 cm re-
spectively) with a bandwidth of 128 MHz and the four linear polarisation products
XX, YY, XY and YX. Each observing session was conducted with the array in
a 6 km configuration; either 6A, 6B, 6C or 6D, thus providing consistent resolu-
tion at each epoch. During each observing session, scheduling was carried out so
that all observations for each chosen source were completed in one observing ses-
sion. This was done to avoid problems that might arise due to changes in the flux
density of a particular source or changes in the configuration or response of the
ATCA between observing sessions (typically several months). This method also
simplified the data processing stage as all observations for a given program source
were contained within a single dataset. Each observing session at the ATCA was
divided up into one or more 12 hour blocks within which a group of sources was
to be fully observed with at least one 60 sec cut per source every two hours. Each
group was selected so that all the sources within it lay within ~30 degrees on the
sky and all passed north or south of zenith at the ATCA at transit, thus avoiding
the need for long azimuth slew times.

PKS 1934—638 was chosen as the primary flux density calibrator for all of
the observations. All data were calibrated on the assumption that the primary
calibrator, PKS 1934—638 has a flux density of 5.83 Jy at 4.8 GHz and 2.84 Jy
at 8.64 GHz (Reynolds, 1990). Position calibrators were chosen so that they were
in the same part of the sky as the group of program sources being observed. It
was especially important that they were point sources at the arcsecond resolution
achieved by the ATCA and that their positions were well known so that accurate
measurements could be made of the program source positions. Wherever possible,
they were drawn from a list of sources that had positions derived from VLBI
astrometry observations (Reynolds et al., 1994; Johnston et al., 1995).

The program and position calibrator sources within each group were scheduled
such that the antenna slew times were kept to a minimum thus maximising the

19
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number of observable program sources in the group. This observing method al-
lowed for ~30 program sources to be observed with a single cut within two hours
with a secondary calibrator observed for 180 sec every ~20 min. Such a method
allowed the entire sample to be observed in approximately eight full days. It also
allowed accurate positions to be measured.

Table 3.1 displays the dates that survey observations were made and the num-
ber of sources observed. A hardware problem at the ATCA irretrievably corrupted
the data that were collected in February 1994, however the affected sources were
successfully re-observed in the observing session held in September of that year.
Analysis of the data between observing sessions showed that some objects required
re-observation due to poor data quality. Those objects were re-scheduled in fol-
lowing sessions. Four of these sources remained outstanding after the September
1994 observations and they were re-observed in November 1995 as part of other
non-survey observations.

Table 3.1: A summary of the ATCA cuts observations.

Date Allocated time (hr) Number of Program
Sources Observed

March 19937 48 86
July 1993 24 74
November 1993 60 145
February 1994 55 04
July 1994 12 33
September 1994 65 128
November 1995 39 1"

TThis session was shared with two other proposals.

TAn ATCA hardware problem corrupted the data. Observations
were repeated in September 1994.

* Repeat observations of these sources, see text.

All the data were edited and calibrated using the AT AIPS (Astronomical Im-
age Processing Software), a version of the NRAO software package AIPS modified
to handle ATCA data. Imaging of the data was done with the difference mapping
program Difmap (Shepherd, 1994), part of the Caltech VLBI package (Pearson,
1991) which uses the CLEAN deconvolution procedure (Hogbom, 1974).

3.2 Identification of Gravitational Lens
Candidates

Once the program source observations are completed, the data must be analysed
so that all possible gravitational lens candidates are recognised. It is important
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that such “filtering” is efficient so that no candidates are missed within the lim-
its of the survey, though it does not matter if non-lenses are also selected. Any
prospective candidate must possess more than one compact flat-spectrum com-
ponent and/or a feature resembling an Einstein ring. Although this sample was
specifically selected as a flat-spectrum subset of the Parkes Catalogue, many of
the objects are likely to possess a steep-spectrum component of the type often
associated with extended structure. Such components, if lensed, may form an
Einstein ring (e.g. PKS 1830—211 (Rao and Subrahmanyan, 1988; Subrahmanyan
et al., 1990; Jauncey et al., 1991) and MG 165441346 (Langston et al., 1989)), so
it is important to identify them.

3.3 Candidate Selection

This selection process was carried out by examining both the visibility data and
the deconvolved image for each object in the flat-spectrum sample.

Much information on the structure of a radio source can be obtained from
a visual examination of the correlated interferometer visibilities (e.g. Fomalont
and Wright, 1974). Not only is such an inspection important as a check that the
deconvolved image is a good representation of the data but the visibilities can
also reveal the presence of structure that is not immediately evident from the
image. The visibility data were available on-line during the ATCA observations.
Shown in Figure 3.1 are examples of the visibility data collected during the ATCA
observations. They represent the four broad classifications of source structure seen
in the survey sources. Also shown are deconvolved images of each source.

Figure 3.1a shows the data for PKS 1110—217. The visibility amplitudes for
this object are constant for all baseline lengths, indicating that the object is un-
resolved, whilst the visibility phase changes linearly with baseline length, showing
that the object is displaced from the assumed phase centre for this object. The
image of this object illustrates these inferences, where the source is displaced
0.97 arcsec from the phase centre at a position angle of —24° (measured north
through east).

Figure 3.1b shows a very different visibility plot. The visibility amplitudes
decrease quickly to the noise level as baseline length increases. This absence of
any detectable flux density on the longest baselines and the accompanying random
visibility phase indicates the absence of any unresolved components and hence no
compact core, as can be seen in the accompanying image. PKS 0452—670 was
included in the survey because of its flat-spectrum, but it is clearly a thermal
source and is associated with the Magellanic Clouds.

An object that is essentially a combination of the above two examples is shown
in Figure 3.1c. The visibilities show amplitudes dropping from ~ 0.95 Jy to a
level of ~ 0.8 Jy as baseline length increases. This indicates the presence of some
resolved extended structure and an unresolved compact core. The 4.8 and 8.6 GHz
images reveal a central 0.8 Jy flat-spectrum core and two weak steep-spectrum
regions extended towards the north and south showing S-shaped symmetry. The
optical counterpart for this source is coincident with the flat-spectrum core.
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Figure 3.1: Examples of visibility data collected during the gravitational lens survey observa-
tions (left) and images made with these data (right). The visibility amplitudes and phases are
plotted separately against u-v radius.
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Ezamples of ATCA survey data continued. . .
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The visibility plot in Figure 3.1d shows data for just two cuts of a six cut observa-
tion to more clearly demonstrate the hour-angle dependant response for a compact
double source. The first cut was made when the orientation of the ATCA was ap-
proximately perpendicular to the position angle of one compact component with
respect to the other. This means that the ATCA is insensitive to double structure
and, as there is little other flux density in the field apart from that in the two
components, a constant visibility amplitude is seen. However, at a later time the
orientation of the ATCA was approximately parallel to the position angle of the
two compact components and they are clearly resolved as such in the visibility
measurements, the amplitudes of which are seen to “beat”, the minimum amp-
litude giving the difference in flux density between the two components and the
maximum corresponding to the sum. The position of the first null also allows
for the separation of the two components to be estimated. The visibilities thus
predict a separation of ~ 1 arcsec and fluxes for the two components of ~ 0.72
and ~ 0.16 Jy with a position angle of ~ 45°. The accompanying image shows a
compact double with position angle of 42°, separation of 1.1 arcsec and component,
fluxes 0.72 and 0.14 Jy, very close to the parameters inferred from the visibility
data. A third, weak component is also detected in the image that was not eas-
ily detected in the visibilities. The optical counterpart to this object is a single
“stellar” object, probably a QSO coincident with the flat-spectrum component.

All of the survey visibility data were examined for signs of structure containing
multiple compact components or extended emission. The selected data were then
imaged and inspected for multiple flat-spectrum components, ring-like structure
or any other unusual extended structure that suggested gravitational lensing. To
check that no lens candidates were missed in this analysis, all sources were imaged
using the automatic processing method described in Chapter 4 (Section 4.2). The
resulting images were inspected for multiple flat-spectrum components or evidence
of gravitationally lensed extended structure. This analysis was especially efficient
at revealing weak secondary components that are not readily apparent from an
inspection of the visibility data.
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3.4 The Gravitational Lens Candidates

As discussed earlier, any radio gravitational lens candidates to be uncovered in this
survey can be roughly divided into two categories; multiply imaged compact flat-
spectrum sources and lensed steep-spectrum extended structure. For the purposes
of this discussion, they will be referred to as “lensed cores” and “lensed jets”. It is
useful to further classify the candidates as those that have component flux densities
and separations within the detection limits of the survey and those that do not
but still possess the characteristics of a gravitational lens. These categories will be
referred to as “detected” and “marginally detected” lens candidates respectively.

When candidate lenses lay within the region of sky covered by the COS-
MOS/UKST Southern Sky Catalogue (Yentis et al., 1992), the catalogue was
used to attempt to identify optical counterparts. The STScl Digitised Sky Survey
(DSS) (WWW, 1996) was also used, both to confirm the COSMOS identifica-
tions, and to provide identification for sources outside the region covered by the
COSMOS catalogue.

3.4.1 Detected Lensed Cores

There were several sources in the sample that were found to possess two or more
compact components. However, only two, PKS 1830—211 and PKS 0252—549,
showed two clearly separated flat-spectrum components. In every other case only
one component (usually the brightest) possessed a flat-spectrum and the other
component(s) a steep spectral index. For example, in the case of PKS 0244—470
(Figure 3.1d), the NE compact component has a spectral index of 0.20 and the
SW component has a spectral index of —0.94.

PKS 1830-211

Although PKS 1830—211 is already a confirmed gravitational lens, its presence in
the survey acts as a test to make sure that no strong, small separation lenses are
missed.

1830-211 at 4.800 GHz 1994 Jul 29 1830-211 at 8.640 GHz 1994 Jul 29
T T T T T
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Figure 3.2: Visibility amplitudes (in Jy) for PKS 1830—211 plotted as a function of baseline
length at 4.8 GHz (left) and 8.6 GHz (right).
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Figure 3.3: 4.8 GHz (left) and 8.6 GHz ATCA images of PKS 1830—211. All contours are
multiples (-1, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512) of the bottom contour level which is three
times the rms noise level in the map.

PKS 1830—211 is just resolved into a two component source at 8.6 GHz but
is only partially resolved at 4.8 GHz as can be seen from the visibility amplitudes
in Figure 3.2 and the images presented in Figure 3.3. Despite this, a simple two
component model was fitted to the data at 8.6 GHz using the modelfit function
in Difmap. To provide an estimate of spectral index, this model was used to
estimate component flux densities at 4.8 GHz by holding the positions and sizes
of the model components constant and allowing only the flux densities to change.
The spectral indices thus derived were —0.27 £+ 0.02 for the NE component and
—0.33£0.03 for the SW, making this object a strong candidate gravitational lens,
and confirming that it would have been found easily in the survey.

Other properties of this source were studied in detail and are described in
Chapters 5, 6 and 7.

PKS 0252-549

PKS 0252—549 is dominated by a compact ~750 mJy core with two weaker com-
ponents, one 8 arcsec to the south (the position angle is 160°) with a peak flux
density of ~12 mJy and another 7 arcsec to the north (position angle —4°) which
is extended and detected only at 4.8 GHz (Figure 3.4). The bright central com-
ponent has a spectral index of 0.06 + 0.02 and the southern component has a
spectral index of 0.03 +0.15. This object thus has two flat-spectrum components,
the spectral indices of which are not significantly different — properties that are
consistent with a gravitationally lensed core.

The COSMOS/UKST Southern Sky Catalogue was used to identify the optical
counterpart for this source (Figure 3.5). The bright central radio component is
coincident, within position error estimates, with an object classified as stellar by
the COSMOS catalogue with M; = 17.3. There is a second stellar object in
the field approximately 9 arcsec to the south-west of the first with M; = 22.0.
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Figure 3.4: The ATCA cuts images of PKS 0252—549 at 4.8 GHz (left) and 8.6 GHz (right).
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position angle of 14.5°.
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Figure 3.5: The 8.6 GHz ATCA image of PKS 0252—549 with optical counterparts derived
from the COSMOS database superimposed. Contour levels are —0.3, 0.3, 0.6, 1.2, 2.4, 4.8, 9.6,
19.2, 38.4, 76.8 percent of the peak flux density which is 0.758 Jy. The restoring beam is 0.9
by 1.6 arcsec with position angle 14.5°. Optical counterparts from the COSMOS database are
shown as crosses for stellar objects and ellipses for galaxies, their sizes increased by a factor of
two to aid the eye. M; magnitudes for optical components 1, 2 and 3 are 17.3, 22.0 and 23.5
respectively.
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A comparison between the COSMOS catalogue and the corresponding DSS field
shows no discrepancies in this case. Therefore, there would appear to be no optical
counterpart to the ~12 mJy component. The object coincident with the bright
central component has been identified as a quasar with a redshift of 0.537 (Jauncey
et al., 1978). Gravitational lensing is achromatic and so the optical brightness ratio
of the two components must be identical to the radio flux density ratio of ~ 63 : 1
provided the source is non-variable. If the bright optical component has a visual
magnitude of 17.3 then the southern component must be 4.5 magnitudes weaker,
i.e. My = 21.8. Such an object, if it exists, may be present in the COSMOS
database as is demonstrated by the apparently unrelated ggnd magnitude object
also seen in the optical field (labelled as object number 2). However, the presence
of an optical counterpart to the 12 mJy compact component can not be ruled out
for two reasons. First, if PKS 0252—549 is a variable source (which is likely, given
its flat-spectrum) and if it is a gravitational lens, then there will be a time delay
between a change in one component and the other which will result in a change in
flux density ratio with time. Therefore, it is possible that the optical counterpart
to the 12 mJy component was too faint to be detected when the UKST plates were
made. Second, the predicted optical magnitude of the weak component is very
close to the detection limits of the COSMOS database which is estimated to be
complete only to 20" or 215 magnitude (Unewisse et al., 1993), so it is possible
that the object is missing from the COSMOS database. Clearly there is a need for
a deep CCD image of the field to search for the optical counterpart of the weaker
of the two flat-spectrum components.

3.4.2 Detected Lensed Jets

As discussed in Section 1.2, the probability that an extended radio feature will
be lensed is greater than that for a single compact core. Problems arise however
in identifying such lens candidates as there are many more likely and well un-
derstood processes that produce similar structure. Although the source selection
criteria were deliberately targeted away from objects where steep-spectrum exten-
ded structure dominates there are nevertheless many survey objects that possess
extended structure (approximately 30% of sources have non-compact structure
that contributes more than 5% to the total flux density (Table 4.2), e.g. Fig-
ures 3.1b, ¢ and e). As a consequence of the problems inherent in identifying such
candidates, not all lenses of this type will be identified. Two candidate lensed jets
emerged from the survey: PKS 1350—662 and PKS 2321—-375.

PKS 1350-662

Figure 3.6 shows the visibility amplitudes for PKS 1350—662, an object that shows
the characteristics of a resolved double source (e.g. Figure 3.1d) at all position
angles. The drop in peak amplitude with increasing baseline also implies a dom-
inance of extended, resolved structure. This indicates rotational symmetry in the
source, presumably a ring-like structure, and a separation of ~3 arcsec. The ac-
companying image (Figure 3.7) reveals the ring-like structure and demonstrates
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the ability of cuts observations to detect such structure.

1350-662 at 4.800 GHz 1994 Sep 29 1350-662 at 8.640 GHz 1994 Sep 29
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Figure 3.6: Visibility amplitudes (in Jy) for PKS 1350—662 plotted as a function of baseline
length at 4.8 GHz (left) and 8.6 GHz (right).
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Figure 3.7: 4.8 GHz (left) and 8.6 GHz ATCA images of PKS 1350—662. All contours are
multiples (-1, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512) of the bottom contour level which is three
times the rms noise level in the map.

Based on the radio observations, this source is a strong Einstein ring/gravita-
tional lens candidate. Despite the excitement of finding this source, the ring-like
structure which was apparent whilst examining the visibility data during the ob-
servations, the position of this object was found to be coincident with a Planetary
Nebula. The object is, unfortunately, not an Einstein ring. Its discovery does
however make clear the survey’s ability to find and recognise ring-like structures.

PKS 2321-375

An ATCA image of PKS 2321—375 is shown in Figure 3.8. It consists of a bright,
~ 0.5 Jy core with an inverted spectrum (spectral index is 0.2) and an easterly
steep-spectrum jet (spectral index ~ —1.5) at a position angle of 70° that has a
peak flux density of ~ 9.4 mJy at 4.8 GHz. Also visible in the 4.8 GHz image is a
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slightly extended ~ 4 mJy steep-spectrum component 10 arcsec from the core at
a position angle of 108°. This object has the appearance of a lensed jet where the
lens lies somewhere between the jet and the weak component 10 arcsec from the
core. Optically, this object has been identified as an 18th magnitude quasar with
a redshift of 0.37 (Osmer and Smith, 1980). This identification was confirmed
based on the coincidence of the accurate sub-arcsecond positions derived from the
ATCA observations and the COSMOS database.
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Figure 3.8: 4.8 GHz ATCA image of PKS 2321-375. Contour levels are —0.25, 0.25, 0.5, 1, 2,
4, 8, 16, 32 and 64 percent of the peak flux density which is 0.521 Jy. The restoring beam is 2.1
by 3.1 arcsec with position angle 13.0°.

The radio image suggests gravitational lensing as a possible cause of the second
steep-spectrum component. If this were the case, one would expect to detect a
foreground lensing object with a redshift of less than 0.37. The absence of a po-
tential lensing object in the COSMOS database suggests that the extra feature
may be an unrelated background (or foreground) object, or that the lensing mass
is dark. The probability of detecting an unrelated source within a certain angular
separation of another in this survey has already been discussed in Section 2.2.1.
This analysis predicts that the number of sources in the sample with unrelated
components within a 10 arcsec radius stronger than 5 mJy at 5 GHz is 0.1. The
predicted number of chance coincidences within 10 arcsec is an order of magnitude
less than the number found making this object a good gravitational lens candidate
providing the extra component is not in some way related to the jet seen in the
image. Long integration radio imaging is required to search for any association
between the extra component and the jet, which would rule out the lensing hypo-
thesis. If no association is detected then a deep CCD image of the field is required
to search for signs of a lensing galaxy.
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3.4.3 Marginally Detected Lensed Cores

Several sources in the sample possess small-separation components that are re-
solved at 8.6 GHz but not at 4.8 GHz. In such cases, simple point source model
components were fitted to the data and the spectral indices of the components
calculated from the flux densities of the model components. A number of other
sources showed a dominant compact flat-spectrum core and a very weak secondary
that is close to but below the detection limits of the survey. These sources are
gravitational lens candidates but because they fall outside the nominal detection
limits they are not included in the statistics.

PKS 0253-754

This object would appear to be a ~ 1.0 arcsec double (Figure 3.9). The brightest
component has a flux density of 0.2 Jy and a spectral index of —0.25 + 0.01
whilst the secondary component is below the flux density detection limits of the
survey, being 4.9 mJy at 4.8 GHz and 3.8 mJy at 8.6 GHz, giving a spectral
index of —0.4 4 0.3. The position angle of the secondary is 164° at 8.6 GHz and
—180° at 4.8 GHz. The optical identification for PKS 0253—754, as derived from
the COSMOS database, has a magnitude of M; = 23.0 and is classified as “too
faint” to be identified as a stellar or galaxy-like object. If this optical counterpart
corresponds to the lensed image as seen in the radio, the secondary would be very
faint (B, = 27), making an optical verification difficult.
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Figure 3.9: 4.8 GHz (left) and 8.6 GHz ATCA images of PKS 0253—754. All contours are
multiples (—1, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512) of the lowest contour level which is three
times the rms noise level in the map.

Although a full synthesis imaging observation with the ATCA would help to
verify the existence of this secondary component, higher resolution radio obser-
vations are needed to clearly separate the components and measure their spectral
indices. The secondary is weak but it may be possible to detect it using a VLBI
array containing two large antennas (e.g. the Parkes 64 m and Tidbinbilla 70 m
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antennas) at 2.3 GHz with the new S2 recording system (Wietfeldt et al., 1991)
now available in Australia. Also, the ATCA is soon to be fitted with 22 GHz re-
ceivers and an image at this frequency would clearly separate the two components
and therefore help in verifying the candidacy of this object.

PKS 0451282

PKS 0451—282 appears as a ~ 3.5 arcsec double with the two components having a
flux density ratio of approximately 80:1, the weaker component being ~ 20 mJy at
a position angle of —12° at 8.6 GHz (Figure 3.10). Whilst the separation and flux
density of the weaker component put this source within the detection limits of the
survey, this source is relatively close to the equator, has a north-south orientation
and the secondary is very weak compared to the bright component making it
especially difficult to detect at 4.8 GHz; consequently it can only be classified as
a marginal candidate. Model-fitting two point sources to the visibilities at both
wavelengths reveals the strongest to have a spectral index of —0.26 +0.01 and the
weaker component a spectral index of —0.4 + 0.3.

Relative Declination (arcsec)
Relative Declination (arcsec)

ARG ~
T A VANV A

-10 —-20
Right Ascension (arcsec) Right Ascension (arcsec)

Figure 3.10: 4.8 GHz (left) and 8.6 GHz ATCA images of PKS 0451—282. All contours are
multiples (-1, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512) of the bottom contour level which is three
times the rms noise level in the map.

PKS 0451—282 was more clearly resolved at 3 and 20 cm with the VLA by
Perley (1981) who detected a similar weak component 3.7 arcsec away from a bright
flat-spectrum core at a position angle of —10°. The spectral index of the weak
component in this case was < —1.0. In light of this evidence it seems unlikely that
this weak secondary is a lensed image and is more likely to be a steep-spectrum
jet.

The measurements made at the VLA are not in contradiction with those made
in the present survey, however. The difference in identification of the weaker
component simply stems from the poorer flux density sensitivity in the ATCA
data which results in a large uncertainty in the spectral index measurement of the
weaker component.
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PKS 2210-257

In common with PKS 0451—282, PKS 2210—257 appears to possess a weak, flat-
spectrum secondary component which is determined to have a steep-spectrum
in slightly higher resolution images (Figure 3.11). At 4.8 GHz, the brightest
component has a flux density of 0.7 Jy and the weaker component is 10 mJy.
Both components are slightly weaker at 8.6 GHz, in fact the 8.6 GHz flux density
of the weaker component is at the flux density sensitivity limit of the survey, and
the derived spectral indices are —0.204-0.02 and —0.3+£0.3 for the bright and weak
components respectively. At 8.6 GHz the weak secondary is 2.3 arcsec from the
bright component at a position angle of 12.2° whilst the separation and position
angle at 4.8 GHz is 2.9 arcsec and 18.7° respectively. VLA observations by Perley
(1981) at 3 and 20 c¢cm show a 2.3 arcsec separation double with a 10° position
angle. The spectral index of the weak secondary as calculated from the VLA data
was —1.6.
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Figure 3.11: 4.8 GHz (left) and 8.6 GHz ATCA images of PKS 2210—257. All contours are
multiples (-1, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512) of the bottom contour level which is three
times the rms noise level in the map.

It is apparent that spectral index estimates from these close separation ~mnorth-
south doubles with one weak component are difficult to determine reliably as was
demonstrated in Chapter 2, Section 2.2.

It may not be a coincidence that both PKS 0451—282 and PKS 2210—257 are
~north-south doubles. In Chapter 2 (Section 2.2.1) it was noted that compact
doubles on the limits of detection for this survey may prove difficult to separate,
especially if the relative component position angles lie near 0° and the source
declination is close to —20°. PKS 0451—282 and PKS 2210—257 lie near the
northerly declination limit and as such rely critically on a cut at low elevation to
resolve the two components (Section 2.2). In both cases, higher resolution imaging
has shown the weaker component to possess a steep-spectrum and this indicates
either a small error introduced in the phase calibration of the ATCA data for these
sources or an influence from the sidelobes of the strong, nearby companion. A full
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12 hr synthesis observation with the ATCA is required to confirm the presence of
the weak secondary component.

3.4.4 Marginally Detected Lensed Jets

Some objects on the sample showed weak extended structure very close to a strong,
flat-spectrum core. Consequently the extended component is difficult to see in the
cleaned image. These sources have been termed “core-halo” as the steep-spectrum
extension tends to at least partially surround the flat-spectrum core. Two ex-
amples of this type of source are PKS 1236—684 and PKS 1800—660 (Figures 3.12
and 3.13 respectively), both have stellar optical counterparts. The extended struc-
ture for these sources might be the result of a gravitationally lensed jet. However,
a lensing model that results in an Einstein ring with a flat-spectrum component
at its centre is not possible without the flat-spectrum component being multiply
imaged.
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Figure 3.12: 4.8 GHz (left) and 8.6 GHz ATCA images of PKS 1236—684. All contours are
multiples (-1, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512) of the bottom contour level which is three
times the rms noise level in the map.

These extended regions are more likely to be weaker and more compact versions
of the extension seem in the galaxy PKS 1833—772 (Figure 3.14) where there is
presumably a small, weak outflow from the flat-spectrum core.

3.5 Lensing Frequency

In Chapter 2 the limitations of the survey for detecting radio gravitational lens can-
didates were defined. Within these limits, four gravitational lens candidates were
detected; PKS 1830—211, PKS 0252—549, PKS 1350—662 and PKS 2321-375. Of
these, PKS 1830—211 is already a confirmed gravitational lens and PKS 1350—662
is certainly a planetary nebula and therefore definitely not a gravitational lens.
These gravitational lens detections (three with a minimum of one) are shown in
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Figure 3.13: 4.8 GHz (left) and 8.6 GHz ATCA images of PKS 1800—660. All contours are
multiples (-1, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512) of the bottom contour level which is three
times the rms noise level in the map.
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Figure 3.14: 4.8 GHz (left) and 8.6 GHz ATCA images of PKS 1833—772. All contours are
multiples (-1, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512) of the bottom contour level which is three
times the rms noise level in the map.
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Figure 3.15 as a cumulative probability distribution as a function of component
separation, assuming PKS 0252—549 and PKS 2321—-375 are gravitational lenses.
The figure also displays the spatial resolution limits of the survey as well as the
lower limit on probability which is 1 gravitational lens in 461 sources or 0.002.
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Figure 3.15: The observed gravitational lens cumulative probability distribution for this survey
(solid line) assuming the candidates PKS 0252—549 and PKS 2321—-375 are indeed gravitation-
ally lensed. Also shown are the detection limits of the survey for component separation. The
region of parameter space where the survey is compl